Abstract-Unusually rapid closure of stressed fractures, observed in the initial stages of loading and at low temperatures, is examined using models for subcritical crack growth and pressure solution. The model for stress corrosion examines tensile stress concentrations induced at the Hertzian contact of propping fracture asperities, and mediates fracture growth according to a kinetic rate law. Conversely, pressure solution is described by the rate-limiting process of dissolution, resulting from the elevated stresses realized at the propping asperity contact. Both models are capable of following the observed compaction of fractures in novaculite. However, closure rates predicted for stress corrosion cracking are orders of magnitudes faster than those predicted for pressure dissolution. For consistent kinetic parameters, predictions from stress corrosion better replicate experimental observations, especially in the short-term and at low temperature when mechanical effects are anticipated to dominate. Rates and magnitudes of both stress corrosion and pressure solution are dependent on stresses exerted over propping asperities. Rates of closure due to stress corrosion cracking are shown to be always higher than for pressure solution, except where stress corrosion ceases as contact areas grow, and local stresses drop below an activation threshold. A simple rate law is apparent for the progress of fracture closure, defined in terms of a constant and an exponent applied to the test duration. For current experimental observations, this rate law is shown to replicate early progress data, and shows promise to define the evolution of transport properties of fractures over extended durations.
Introduction
An understanding of the flow and transport characteristics of fractured rocks is of significant importance to the effective recovery of energy resources from the subsurface, and for the safe and long-term isolation of energy-related by-products (e.g., high level radioactive wastes and CO 2 ). Fluid flow within low-permeability rock masses is often dominated by transport in through-cutting fractures. Changes in the ambient stress and temperature conditions may affect the transport characteristics of these conduits through combined mechanical and chemical effects. Enhancement may result from mechanical dilation as an adjunct to shear deformation with overprinted effects of chemical dissolution within the fracture void. Whereas degradation may result from reversible elastic compaction or irreversible inelastic crushing (i.e., mechanical failure) of the propping asperities, dissolution at contacting asperities, and clogging of the fracture void by mineral precipitation. Mechanical effects occur near-simultaneously with deformation, but chemical effects may progress on an extended timescale -rate-limited either by kinetics or transport. Understanding these combined effects, and their spatial and temporal controls, is of significant importance in understanding the evolution of permeability in fractures over both the short-and the long-term.
Specifically, mechanically-and chemically-mediated processes of stress corrosion and pressure solution may result in the degradation of fracture permeability through compaction driven by fracturing (or crushing) of the propping asperities and by dissolution at contacting asperities, respectively. These mechanisms will be distinct, but the resulting responses may be similar, or indeed indistinguishable.
When local tensile stresses result from the compressive loading of contacting asperities, ''sub-critical'' or ''quasi-static'' cracking may result (e.g., LAWN and WILSHAW, 1975; ATKINSON, 1984; SCHOLZ, 1990) , leading to a time-dependent or progressive failure. Specifically, subcritical crack growth in the presence of water is believed to be facilitated by chemical reaction -and the resulting process termed stress corrosion (ATKINSON, 1979) . Under hydrothermal conditions where fluid-rock reaction is enhanced, this process has been rigorously investigated to both understand and ultimately predict the development of fracturing of the rock matrix (e.g., ATKINSON and MEREDITH, 1981; DOVE, 1995; FENG et al., 2001; NARA and KANEKO, 2005) , and is also applied to describe the compaction behavior in granular aggregates (SHUTJENS, 1991; CHESTER et al., 2004; KARNER et al., 2003) . Notably, CHESTER et al. (2004) conclude that under low effective pressures the subcritical-cracking-induced creep may be a dominant mechanism for granular compactions at 150°C or less. This study examines for the first time the role of sub-critical crack growth to the evolution of compaction and permeability in rock fractures.
Pressure solution incorporates three serial processes; mineral dissolution at stressed contacts, diffusive transport of this material along the intervening thin film of water, and ultimate deposition of the mineral matter at the pore wall. This typically results in the loss of porosity, and a reduction in permeability. This process is implicated as the principal mechanism of diagenetic compaction and deformation in sedimentary rocks, which has been studied in detail (e.g., WEYL, 1959; ROBIN, 1978; RUTTER, 1976; RAJ, 1982; DEWERS and HAJASH, 1995) . Many phenomenological and theoretical models also have been developed to describe the progress of this mechanically-and chemically-dependent behavior in both aggregates (LEHNER, 1995; LEMÉE and GUÉGUEN, 1996; RENARD et al., 1997; REVIL, 1999) , and in rock fractures (YASUHARA et al., 2004) .
In this study, two conceptual models accommodating either stress corrosion or pressure solution, are presented to examine the evolution of fracture aperture within a sample of novaculite containing a natural fracture. The observed enigmatic response comprises an initial rapid reduction in aperture, followed by a logarithmic deceleration in closure YASUHARA et al., 2006a) . To describe this response we first present models which separately account for stress corrosion and pressure solution, and then apply these to represent and explain experimental observations. Finally, the effects of these individual mechanisms on rates of fracture closure are examined in detail, to define the pressure and temperature dependency of the response.
Mechanisms of Fracture Compaction
Two viable mechanisms capable of contributing to the compaction of fractures are examined: subcritical crack growth via stress corrosion, and pressure solution. Methods to follow the evolution of these processes are developed and subsequently applied to the specific geometry of a rough contacting fracture, enabling the evolution of fracture aperture to be followed in time.
Stress-corrosion-mediated Compaction
Stress corrosion is one of the dominant mechanisms contributing to subcritical crack growth in brittle materials subject to extensional stresses. Typically, the relation between the crack growth velocity and the stress intensity factor, which is a measure to accurately predict the stress state near the tip of a crack and clearly defined in the following, is categorized into three regions as shown in Figure 1 (ATKINSON, 1984; FREIMAN, 1984; DUNNING et al., 1993) . In regions 1 and 2 the kinetics of chemical reactions at the crack tip controls crack growth, and the crack velocity increases as activity of the stress corrosion agent is raised. In contrast, region 3 represents the transition from stress-corrosionmediated cracking to mechanical rupture for species bonds likely insensitive to the chemical environment (EVANS, 1972; FREIMAN, 1984) . In regions 2 and 3 crack growth (or fracturing) may be rapid (occasionally, >10 -1 m s -1 (ANDERSON and GREW, 1977; SEGALL, 1984) , and these conditions are not considered here.
In region 1, a number of equations with respect to the crack velocity (or fracturing rate), v, have been proposed for mode I (i.e., a tensile-opening mode), generically given as,
where A is the experimentally-determined pre-exponential factor, DH is the activation enthalpy. f (K I ) is a well-dined function of K I , the stress intensity factor for mode I, and may be expressed as power (e.g., CHARLES, 1958) or exponential (e.g., WIEDERHORN and BOLZ, 1970; FREIMAN, 1984; DOVE, 1995) functions. The latter exponential forms are derived by accounting for the dissolution kinetics at a crack tip. Specifically, DOVE (1994) has rigorously investigated the dissolution kinetics of quartz under the wide range of temperature (25 to 300°C) and pH (2 to 12) conditions, and defined the crack velocity by Vol. 165, 2008 Stress-corrosion and Pressure-solution Compaction assuming that the chemical dissolution at a crack tip directly controls the subcritical cracking kinetics, given as (DOVE, 1995) ,
where A i is the experimentally-determined pre-exponential factor, DH i is the activation enthalpy, R is the gas constant, T is the temperature, b i * is the experimentally-determined constant derived from the geometry of crack tip, and h i SiÀO ; always satisfying h
is the fraction of Si-O reacting with molecular water or hydroxyl ions, and is in detail identified at various pH conditions ranging from 2 to 12 (DOVE, 1994) . Note that at the low (i.e., h
conditions, the dissolution kinetics of quartz is strongly controlled by increased susceptibility of Si-O bonds to reaction with molecular water or hydroxyl ions, respectively. DOVE (1994; has rigorously examined these crucial parameters presented in Eq. (2) and identified them for quartz -those used in the following analyses are systematically tabulated in Table 1 . Correspondingly, the crack velocity in Eq. (2) is calculated as evaluating the stress intensity factor, K I .
The stress intensity factor is defined by ATKINSON (1987) in terms of the stresses exerted close to the crack tip, given as,
where r y is the tensile stress applied at or close to the crack tip, and r, parallel to the crack growth direction, is the infinitesimal distance from the crack tip. Assuming that the (1984) asperity contacts, schematically shown in Figure 2 , within a fracture are in Hertzian contacts, a circumferential crack at or outside the contact may be generated in brittle materials (e.g., LAWN, 1998) -this crack is induced by the tensile stresses that reach maximum values just at the edge of the contacts, which is defined as r t , given by (JOHNSON, 1985) , 
where m is the Poisson's ratio and r a is the mean normal stress exerted over the contact area. The normal stress, r a , is simply defined to conform to the uniaxial condition, as (HUTCHINGS, 1992) ,
where R is the nominal area of the fracture, R c is the contact-area ratio, and r is the average normal stress exerted over the nominal fracture area. The tensile stress at the edge of the contacts, r t , may be assumed equivalent to that exerted at or close to the crack tip, r y , when initial crack length at contacts and distance from the crack tip, r, are sufficiently small. Therefore, the stress intensity factor for mode I may be approximated by substituting r t instead of r y in Eq. (3), as,
which is utilized in the analysis hereinafter. When the crack velocity, v Si-O , is assumed, as a first-order approximation, equivalent to that of the fracture closure (Figure 2 ), the evolution in aperture is defined as,
This assumption may be justified in the specific case where the crack propagation simultaneously triggers cataclastic failure and deformation at the tips of the contacting asperities. Actually, such combined phenomena (i.e., the micro-cracking and cataclasis) are micrographically observed at grain contacts in brittle salt (dEN BROK et al., 1998) . 
Pressure-solution-mediated Compaction
Pressure solution incorporates the serial processes of dissolution at contacting asperities, interfacial diffusion along the contact, and precipitation at the free face of the fracture void. The process is rate-limited by the slowest of the three processes, and this rate-limiting process will control the overall deformation (i.e., fracture closure). The dissolution is conveniently defined in terms of a dissolution mass flux, dM diss /dt, the rate of addition of dissolved mass into solution at the interface, given as ,
where V m is molar volume of the solid, r c is the critical stress that defines stress state where the compaction will effectively halt and reach equilibrium, k + is the dissolution rate constant of the solid, q g is the density, d c is the diameter of the asperity contact. The dissolution rate constant, k + , shows an Arrhenius-type dependence with temperature, given by,
where k 0 þ is the pre-exponential factor and E a is the activation energy. The critical stress, r c , is determined by considering the energy balance under applied stress and temperature conditions, given by (REVIL, 1999 , modified from STEPHENSON et al., 1992 ,
where E m and T m are the heat and temperature of fusion, respectively. In a system far-from-equilibrium, and with dissolution prescribed as the process with the primary control on deformation (neither diffusion or precipitation contribute to strain), Eq. (8) may be rearranged in terms of the rate of aperture closure, db/dt, as,
This enables the rate of aperture reduction, mediated by pressure solution, to be straightforwardly evaluated.
Comparison with Experimental Measurements
These two conceptual models, for subcritical crack growth effects, and for pressure solution, are applied to examine the time-dependent evolution in fracture aperture obtained from the two companion experiments in stressed natural fractures of novaculite (hereinafter, referenced as Nova I and Nova II Vol. 165, 2008 Stress-corrosion and Pressure-solution Compaction (YASUHARA et al., 2006a) , see Figure 3 ). In both cases the flow-through experiments are conducted on a natural fracture of Arkansas novaculite (LEE et al., 1991) are evaluated only for the first 100 hrs in Nova I. The measured mineral effluents show a monotonic increase with an increase of temperatures prescribed in Nova II as shown in Figure 3 . In both experiments (Nova I and II) an abrupt decrease in fracture aperture (inferred from the measured permeability) is observed in the early experimental periods, and at the lowest of the ambient temperatures. The Si concentrations measured in Nova I and II are significant (*1 ppm at 20°C) and the conceptual analyses conclude, although the microstructures are not observed in pre-and post-experiments, that those dissolved minerals are derived largely from contacting asperities and less from free surfaces in fracture voids YASUHARA et al., 2006a) . At 20°C and under low effective stress conditions, pressure solution for quartz may exert a diminishingly small influence on the compaction behavior or be inactive as experimentally observed using quartz aggregates (e.g., ELIAS and HAJASH, 1992) . This suggests that the abrupt aperture reductions measured in both experiments are attributed to mechanisms other than pressure solution. Actually, a conceptual model accounting for pressure solution alone (YASUHARA et al., 2004; 2006b ) is incapable of replicating such a rapid reduction of permeability, although the subsequent evolution of aperture at elevated temperature is well-represented by the progress of pressure solution, motivating the quantification of an initiating mechanism (i.e., stress corrosion) that may describe the anomalous behavior. In both models the stresses exerted over the contacting asperities are primary parameters controlling the overall rates of compaction (see Eqs. (2) and (11)). As compaction proceeds, the geometry of the fracture surfaces is irreversibly altered, likely resulting in an increase in the contact area and a subsequent decrease in stresses acting on the contacting asperities. However, the models defined are incapable of following such irreversibility (i.e., temporal change in contact area and exerted stresses). Accommodating this issue requires that the representative relation between the fracture aperture and contact area be defined, a priori. The relation may be defined in terms of residual aperture, b r , and reference-stress aperture, b 0 , as (YASUHARA et al., 2004) (Figure 4) ,
where b h i is a mean aperture, R c and R c0 denote the contact-area ratio and the relative ratio at the reference stress, respectively, and a is a constant. The relative ratio, R c0 , may be evaluated by assuming that the Hertzian contacts are formed at contacting asperities, which would be a reasonable approximation at a very early time in the compaction process, given by,
where E represents Young's modulus. The change in fracture aperture, b h i, driven by stress corrosion (Eq. (7)) or pressure solution (Eq. (11)) may be simply evaluated from, Vol. 165, 2008 Stress-corrosion and Pressure-solution Compaction
Then, a new contact-area ratio and corresponding mean stress exerted over the contacting asperity is identified (see Eqs. (4), (5), and (12)). Repeating this calculation enables the irreversible, nonlinear evolution in fracture aperture moderated by stress corrosion or pressure solution to be followed consistently with time.
For early periods of the 950-(Nova I) and 3200-hr tests (Nova II), comparisons of the rates of fracture closure mediated by either stress corrosion or pressure solution, together with experimental measurements, are shown in Figure 5 . The appropriate parameters used are summarized in Table 1 . Note that the quartz dissolution rate is influenced by pH of the solution -but no change in pH results from the dissolution process. Although the dissolution rate will increase with an increase in pH (e.g., DOVE and ELSTON, 1992) , the measured condition of pH*7 is applied for both experiments. Also note that as the stress intensity factor is proportional to ffiffi r p (see Eq. (3)), the different values of ''r '' ranging 1-5 lm are used for the predictions as a parametric study, resulting in no significant discrepancy which is predicted between these values. As is apparent in Figure 5 , the predictions for the mechanisms of stress corrosion are in good agreement with the actual data while those assuming pressure solution significantly underestimate actual measurements, as documented in past studies (YASUHARA et al., 2004 (YASUHARA et al., , 2006b ). This mismatch implicates subcritical crack extension as the dominant mechanism contributing to compaction in early time and at lower temperatures.
For both Nova I and II, relations between fracture closure rates and stress intensity factors (when r = 1 lm) predicted under various temperature conditions, are depicted in Figure 6 . Under isothermal conditions the relation is uniquely identified, and the closure Figure 4 Relation between equivalent aperture and contact-area ratio. The relation corresponds to Eq. (9).
rates increase with an increase in temperature (see Eqs. (2) and (7)). In contrast, under isobaric conditions the relation between fracture aperture and stress intensity factor (Figure 7) is independent of applied temperature and instead is controlled by contact-area ratio, corresponding to stress intensity factor (see Eqs. (3)- (5)), as defined by Eq. (12). Apparent in experimental data (WIDERHORN, 1978; SIMMONS and FREIMAN, 1980; MICHALSKE, 1983) , there exists a stress corrosion limit, K 0 (Figure 1) , below which no subcritical crack growth (or fracturing) occurs. DUNNING et al. (1993) explored this limit for quartz samples in the presence of water at ambient temperatures, and concluded that it is in the range 0.3-0.4 MPa m 1/2 . This is congruent with the analysis completed here, , 2006) . As is apparent, the stress corrosion model adequately replicates the experiments, whereas the pressure solution results underestimate observed rates by about 5 orders of magnitude, indicating that the compaction of the fractures may be, at least in early and cool periods of the experiments, dominated by stress corrosion rather than pressure solution.
Vol. 165, 2008 Stress-corrosion and Pressure-solution Compactionwith subcritical crack growth being a feasible mechanism at larger apertures, but potentially being replaced by other mechanisms at smaller aperture where the contact area grows. This is apparent in the calculations for this data set ( Figure 7 ) where stress intensity factors are small (K I < 0.1 MPa m 1/2 ) where the aperture is also small. (1)).
Figure 7
Relation between aperture and stress intensity factor. It is independent of applied temperatures, and uniquely identified by the relation between aperture and contact-area ratio (Eq. (10)).
Implications
Under ambient stress (2.73 MPa for Nova I and 1.38 MPa for Nova II) and temperature (20°C) conditions apparent in the experiments, observed fracture closure rates closely match those predicted by subcritical crack growth (see Figure 5) . These observed closure rates are much considerably than those predicted by pressure solution, where a consistent set of kinetic parameters are applied. The consistency of the predictions may be examined by changing the stress and temperature conditions, applied to the sample, and in examining the congruence between the observed changes and predictions, for each of the appropriate mechanisms.
Fracture closure rates moderated by both stress corrosion and by pressure solution are represented for a variety of stresses (or exerted effective stresses of 1, 5, and 10 MPa) and temperatures (20, 50, 100, and 150°C) , as illustrated in Figure 8 . Both suites of predictions are completed using the same relation between fracture aperture and contactarea ratio (Eq. 12) measured for Nova II, and r equal to 1 lm. As is apparent in Figure 8 , at any selected condition of either stress or of temperature, the predicted closure rates for stress corrosion are greater than those predicted from pressure solution. Consequently, the time taken to reach the completion of closure (i.e., the arrest of fracture closure) is shorter for subcritical crack growth, than for pressure solution. The practical implication for this is that conditions of subcritical crack growth conclude within relatively short durations, and may be followed by extended periods of pressure solution which have a relatively smaller effect. Moreover, the progress of pressure solution is strongly influenced by temperature -predicted rates which span almost four orders of magnitudes at temperatures ranging from 20-150°C. This contrasts with stress corrosion which is considerably less sensitive to applied temperatures. Interestingly, the evolution in overall fracture closure rates involving both stress corrosion and pressure solution approaches an asymptote as,
where C and n are constants that are dependent on applied stress and temperature. Figure 9 shows experimental results from the two experiments identifying the change in closure rate with test duration. The regression data fit experimental observations, enabling the constant, C, and the exponent, n, to be determined. The larger magnitude of the exponent, n, obtained for Nova I likely results from the larger effective stress applied, relative to that for Nova II. The greater the applied stress, the greater the resulting fracture closure rate, since stress concentration magnitudes will be correspondingly amplified, and the faster the closure rate will diminish, as fracture closure and growth in the contact area will ameliorate the local stress magnitudes. This resulting relation is very simple, but appears to capture the gross aspects of the observed response. Once the evolution of aperture is predicted, the related, evolving permeability in fractures or faults may also be inferred. Therefore, it may be useful in Vol. 165, 2008 Stress-corrosion and Pressure-solution Compactiondeveloping constitutive equations to represent the long-term evolution of fracture permeability, where chemical and mechanical effects have major impact, likely including the development and evolution of fault sealing during interseismic periods, of diagenetic compaction, of reservoir seals, and of flow paths. This work implicates that the rates and magnitude of fracture compaction (or related permeability) are relatively significant even under low or moderate pressure (< 10 MPa) and temperature (< 100°C) conditions, contrasting that these processes have been examined under higher pressure and temperature conditions in the literature.
Conclusions
This work examines the evolution in fracture aperture mediated by mechanically-and chemically-induced dissolution. Two straightforward conceptual models are developed to represent the effects of stress corrosion, and of pressure solution. Specifically, these models are applied to represent observed abrupt decreases in the fracture aperture during the early periods of experiments. These behaviors are well-replicated by supposed mechanisms of stress corrosion, which accommodates the initial rapid closure observed under low temperatures. Representing these early-term observations by pressure solution, Figure 8 Time-dependent evolution of aperture closure rates moderated by stress corrosion and pressure solution, estimated under various temperatures (20-150°C) and stress (1-10 MPa) conditions. Closure rates mediated by stress corrosion are always greater than those by pressure solution. However, the effects of pressure solution may be exerted longer than the other. The convolved behavior (i.e., stress corrosion + pressure solution) may approach an asymptote depicted with a grey line in (a).
b Figure 9 Regressed results using the simple relation of Eq. (15). The effective stress for Nova I is greater than that for Nova II, likely resulting in the larger number of n. The simple relation may be applicable to describing evolution in the fracture aperture.
Vol. 165, 2008 Stress-corrosion and Pressure-solution Compactionusing consistent kinetic parameters for quartz, significantly underestimates observed rates of closure, by several orders of magnitude. This implicates stress corrosion cracking as a feasible mechanism to explain these time-dependent observations, especially in the short-term and at low ambient temperatures, where pressure solution is anticipated to be rate-limited or inactive. However, microstructures have not been observed pre-and postexperiment in Nova I and II. These observations would be useful in discriminating between modes of deformation occasioned by pressure solution, and by subcritical crack growth. However, the mode of evolution, with subcritical crack growth occurring in the short time and at low temperatures, may be obliterated by the future operation of pressure solution, since all experiments were conducted at low temperature and then switched to higher temperature. Experiments conducted in reverse order, returning to low temperature, would be worthwhile to discriminate between mechanisms by attempting to observe the effects of subcritical crack growth, unmasked by overprinted effects of pressure solution. An investigation of rates and magnitudes of aperture reduction, using models for stress corrosion and pressure solution highlights the differences in anticipated response. For a choice of consistent kinetic parameters, and for a given fracture topography, this illustrates that aperture closure rates are always greater for stress corrosion cracking, than for pressure solution. However, the dominance of stress corrosion over pressure solution may be transient and subsequent compaction by pressure solution may overtake it as the stress-corrosion-mediated compaction slows and ultimately ceases. These analyses, for either stress corrosion or for pressure solution, result in a straightforward rate law for compaction rate versus time. This simple phenomenological relation, whose parameters can be experimentally constrained, may be applied to estimate the long-term evolution of fracture compaction, and the corresponding evolution of transport properties.
